Enzyme replacement therapy (ERT) is available for several lysosomal storage diseases. Except for Gaucher disease, for which an enzyme with exposed mannosyl residues targets mannose receptors (MR) on macrophages, ERT targets primarily the mannose 6-phosphate receptor (MPR). Most recombinant lysosomal enzymes contain oligosaccharides with both terminal mannosyl and mannose 6-phosphate residues. Effective MPR-mediated delivery may be compromised by rapid clearance of infused enzyme by the MR on fixed tissue macrophages, especially Kupffer cells. To evaluate the impact of this obstacle to ERT, we introduced the MR-null mutation onto the mucopolysaccharidosis type VII (MPS VII) background and produced doubly deficient MR ؊/؊ MPS VII mice. The availability of both MR ؉/؉ and MR ؊/؊ mice allowed us to study the effects of eliminating the MR on MR-and MPR-mediated plasma clearance and tissue distribution of infused phosphorylated (P) and nonphosphorylated (NP) forms of human ␤-glucuronidase (GUS). In MR ؉/؉ MPS VII mice, the MR clearance system predominated at doses up to 6.4 mg͞kg P-GUS. Genetically eliminating the MR slowed plasma clearance of both P-and NP-GUS and enhanced the effectiveness of P-GUS in clearing storage in kidney, bone, and retina. Saturating the MR clearance system by high doses of enzyme also improved targeting to MPR-containing tissues such as muscle, kidney, heart, and hepatocytes. Although ablating the MR clearance system genetically is not practical clinically, blocking the MR-mediated clearance system with high doses of enzyme is feasible. This approach delivers a larger fraction of enzyme to MPR-expressing tissues, thus enhancing the effectiveness of MPRtargeted ERT.
T he mucopolysacchridoses (MPS) are a group of lysosomal storage diseases (LSDs) in which a deficiency of one or more lysosomal enzymes interferes with the degradation of glycosaminoglycans (GAGs), resulting in their storage in the lysosome. Accumulated GAG storage in lysosomes results in progressive cellular and organ dysfunction (1) . In recent years, advances have been made in the treatment of several LSDs (2) (3) (4) (5) . In these diseases, lysosomal storage can be partially or completely reversed in many target tissues by i.v. infusion of the missing lysosomal enzyme. Traditionally, it was assumed that lysosomal enzymes would be delivered to target tissues so long as the enzymes contained the mannose 6-phosphate (M6P) recognition marker (6) . However, other factors can influence the delivery of lysosomal enzymes to target tissues. Among these is the presence of nonphosphorylated oligosaccharides on the enzymes and the extent to which these have been processed from high mannose to complex-type oligosaccharides (7) . The latter determines the number of exposed mannose residues on the enzyme, which can target the enzyme preferentially to the mannose receptor (MR). In addition, the distribution of the MR and the mannose 6-phosphate receptor (MPR) and their relative abundance in target tissues affect cells targeted by infused enzyme (6) .
The murine model of MPS VII has been used successfully to study many different therapies for lysosomal storage diseases, including enzyme replacement therapy (ERT; ref.
8). We have
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Fig. 1. Plasma clearance of P-and NP-GUS (A) or AP-and NP-GUS (B) in MR Ϫ/Ϫ
and MR ϩ/ϩ mice. (A) P-(▫) and NP-GUS (■) were infused at a dose of 0.2 mg͞kg and plasma GUS levels measured over the next hour. Note that the NP-GUS in the MR ϩ/ϩ mice was very rapidly cleared (AUC ϭ 411 units͞h per ml) in contrast to the much slower clearance in MR Ϫ/Ϫ mice (AUC ϭ 4,703 units͞h per ml). P-GUS is also rapidly cleared in the MR ϩ/ϩ mice (AUC ϭ 473 units͞h per ml) but shows an intermediate rate of clearance in MR Ϫ/Ϫ mice (AUC ϭ 1,524 units͞h per ml), reflecting the M6P-mediated clearance in the absence of MR. (B) Clearance rates of AP-GUS (OE) (AUC ϭ 4,395 units͞h per ml) and NP-GUS (■) (AUC ϭ 4,703 units͞h per ml) appear nearly equivalent in MR Ϫ/Ϫ mice. modified this model by making it immunologically tolerant to human ␤-glucuronidase (hGUS; ref. 9 ). This reduces the risk of complications from an immune response when hGUS is infused repeatedly in ERT.
Recently, another useful murine model has been developed in which the MR has been knocked out (10) . We bred this strain on to the B6 MPS VII͞E540A
Tg background to produce a model that is mouse GUS-deficient, hGUS-tolerant, and MR-deficient (MPS VII͞MR Ϫ/Ϫ ). In the current studies, we used both the MPS VII͞E540A Tg MR ϩ/ϩ (referred to later as MR ϩ/ϩ ) and the MPS VII͞E540A Tg MR Ϫ/Ϫ (referred to later as MR Ϫ/Ϫ ) mice to study the individual roles of the MPR and the MR in enzyme therapy.
Results

Effect of the MR on Clearance of Low-Dose Phosphorylated (P)-GUS vs.
Nonphosphorylated (NP)-GUS. We compared the plasma clearance of infused P-GUS with that of NP-GUS (both at 0.2 mg͞kg) in MR ϩ/ϩ and MR Ϫ/Ϫ MPS VII mice (Fig. 1A ). Both were cleared at approximately the same initial rate (t 1/2 of Ϸ5 min) in MR ϩ/ϩ mice. In contrast, the clearance of infused P-GUS in MR Ϫ/Ϫ mice was significantly prolonged (t 1/2 of Ϸ9 min). Markedly slower still was the clearance of NP-GUS in the MR Ϫ/Ϫ mice (t 1/2 of Ϸ4 h). This experiment shows the contributions of both the MR and MPR in clearance of recombinant hGUS in the MPS VII mouse. Both systems contribute to the rapid clearance of P-GUS in the MR ϩ/ϩ mouse. The prolonged circulation of infused NP-GUS in the MR Ϫ/Ϫ mouse reflects the fact that neither receptormediated clearance system is operative. The more rapid clearance of P-than NP-GUS in the MR Ϫ/Ϫ mice shows the isolated effect of MPR-mediated clearance.
The dominant role of the MR in the clearance of both NP-and P-GUS is evident from Fig. 1 A, as there was no difference in the areas under the curve (AUCs) for both enzymes in MR ϩ/ϩ mice over the first 60 min (see legend to Fig. 1 A) . Thus, at this dose, we could not demonstrate the impact of the MPR on enzyme clearance in MR ϩ/ϩ mice. The AUCs were increased for both Pand NP-GUS in the MR Ϫ/Ϫ mice compared with those for MR ϩ/ϩ mice. However, the AUC for P-GUS was increased only 4-fold, whereas that of NP-GUS was increased 10-fold. This difference indicates that, in the absence of the MR, the role of the MPR-mediated clearance can be readily demonstrated.
Sands et al. (6) showed that NP-GUS, produced in a baculovirus͞insect cell expression system, contains oligosaccharides with terminal mannose residues that interact with the MR but not the MPR. To verify that more rapid clearance of P-than NP-GUS in the MR Ϫ/Ϫ mice was MPR-mediated, we dephosphorylated P-GUS with placental alkaline phosphatase (AP) and compared its clearance with that of NP-GUS. Fig. 1B shows that NP-and AP-GUS (both lacking M6P) showed similarly slowed clearance (t 1/2 of Ϸ4 h) in the MR Ϫ/Ϫ mice and similarly rapid clearance in the MR ϩ/ϩ mice, indicating they are equivalent ligands for the MR-mediated clearance system. In addition, this experiment shows that the more rapid clearance of P-GUS in the MR Ϫ/Ϫ mouse depends on the M6P recognition marker, which was destroyed by AP (11) (12) (13) .
Effect of Increasing Dose on Clearance of P-GUS in the Presence or
Absence of the MR. Even though P-GUS contains phosphorylated oligosaccharides, it also contains high-mannose oligosaccharides with exposed terminal mannoses (14) . To determine what dose of P-GUS is required to saturate the MR vs. the MPR, we did an enzyme saturation curve at doses from 0.2 to 6.4 mg͞kg P-GUS in MR ϩ/ϩ ( Fig. 2A ) and MR Ϫ/Ϫ (Fig. 2B ) mice. In MR ϩ/ϩ mice, it was difficult to see saturation Ͻ6.4 mg͞kg, at which the t 1/2 of clearance was prolonged to Ϸ10 min. Saturation of MPR-mediated clearance by P-GUS in MR Ϫ/Ϫ mice was evident at a lower dose. (Clearance t 1/2 was 23 min at 3.2 mg͞kg and 42 min at 6.4 mg͞kg.) This corresponds to 4-and 3.4-fold increases in AUC over the first 60 min for P-GUS at 3.2 and 6.4 mg͞kg, respectively, in MR Ϫ/Ϫ mice ( Table 1) .
Effect of Increasing Dose of P-GUS on Its Tissue Distribution in the
Presence or Absence of the MR. To address this question, we infused P-GUS at doses of 0.4, 1.6, or 6.4 mg͞kg into MR ϩ/ϩ and MR Ϫ/Ϫ mice. In all mice, increasing the dose led to increased enzyme delivery (Table 2 ). In MR Ϫ/Ϫ mice, spleen, which normally depends largely on MR-mediated delivery, received only 20% of the enzyme seen in MR ϩ/ϩ mice at the highest doses. However, liver showed only slightly less enzyme in the MR Ϫ/Ϫ mice at all doses.
We then compared the fraction of total infused enzyme delivered to liver in MR ϩ/ϩ and MR Ϫ/Ϫ mice. After 1 h, 99% of the infused enzyme had been cleared in the MR ϩ/ϩ and 94% in the MR Ϫ/Ϫ mice. The fraction of administered enzyme in liver was 41.8 Ϯ 0.2% in MR ϩ/ϩ mice and 38.6 Ϯ 3.6% in MR Ϫ/Ϫ mice ( Table 3 ). The surprisingly large amount of GUS still delivered to liver in the MR Ϫ/Ϫ mice suggests that nearly 40% of the total MPR accessible to infused P-GUS enzyme is contained in the liver.
In other tissues that express both the MR and MPR (such as lung and bone), there is also a dose-dependent increase in enzyme activity (Table 2) . However, the amount of enzyme in these tissues is not greatly different between MR Ϫ/Ϫ and MR ϩ/ϩ mice regardless of dose. By contrast, heart, kidney, and muscle, which normally express the MPR but little or no MR, showed a greater increase with increasing dose in MR Ϫ/Ϫ than in MR ϩ/ϩ mice. The increased activity with increasing dose likely reflects increased accessibility of MPR in these tissues, because P-GUS initially saturates the MPR in liver and persists much longer in the circulation of MR Ϫ/Ϫ mice (see Fig. 1 and Table 1 ). Fig. 5 , which is published as supporting information on the PNAS web site, shows histochemical localization of GUS activity in MR ϩ/ϩ and MR Ϫ/Ϫ mice treated with increasing enzyme doses.
Comparison of Effectiveness of P-GUS in Reducing Lysosomal Storage
in MR ؉/؉ and MR ؊/؊ Mice. MR Ϫ/Ϫ and MR ϩ/ϩ mice were infused i.v. with 1 mg͞kg P-GUS weekly for 3 wk and killed 7 days later for histopathology, histochemistry, and measurement of residual enzyme levels in each organ. We have used this protocol previously to demonstrate differences in effectiveness between P-and NP-GUS and between GUS and GUS-glycosylationindependent lysosomal targeting in MR ϩ/ϩ mice (6, 15) . This dose is also comparable to that used in many human ERT trials (2-5). Untreated MR Ϫ/Ϫ and MR ϩ/ϩ MPS VII mice were morphologically indistinguishable (Fig. 3) and had lysosomal storage identical to that described in MPS VII͞B6 mice (16) . In enzymetreated mice, the liver (Fig. 3) , spleen, bone marrow, and renal tubular epithelial cells (not shown) had similar moderate to marked reduction in lysosomal storage in both MR ϩ/ϩ and MR Ϫ/Ϫ mice. The brain and meninges had no reduction in storage in either group. However, the visceral epithelial cells of the glomeruli, the retinal pigment epithelium, and the osteoblasts lining the rib cortical bone all showed less lysosomal distention in MR Ϫ/Ϫ than in MR ϩ/ϩ mice (Fig. 3) . Table 4 shows the residual enzyme content in tissues from the above experiment, i.e., 7 days after the third infusion. MR Ϫ/Ϫ livers showed slightly more enzyme than MR ϩ/ϩ livers, whereas the opposite was true in livers 24 h after infusion where MR Ϫ/Ϫ mice had Ϸ83% of the amount present in MR ϩ/ϩ mice ( Table 2) . These results are not contradictory. The results at 24 h reflect the loss of MR-mediated uptake by Kupffer cells in MR Ϫ/Ϫ mice, partially compensated by increased MPR-mediated delivery to hepatocytes (6) . The 7-day reversal could be explained by the more rapid turnover in Kupffer cells than hepatocytes in MR ϩ/ϩ mice, which leads to a lower total amount of residual enzyme in MR ϩ/ϩ liver at 7 days. The spleen, which normally expresses MR abundantly on macrophages, shows 50% less residual enzyme in MR Ϫ/Ϫ than in MR ϩ/ϩ mice. On the other hand, in the heart, there is 60% more GUS in MR Ϫ/Ϫ mice, and in skeletal muscle, there is a smaller increase. Fig. 4 presents the histochemical staining for GUS 1 wk after the last enzyme infusion. The kidney of MR Ϫ/Ϫ mice showed a small amount of histochemical staining in the glomeruli, but MR ϩ/ϩ mice showed no staining in kidney. In liver, Kupffer cells still contained more enzyme than hepatocytes in MR ϩ/ϩ mice, whereas MR Ϫ/Ϫ mice had more diffuse activity, especially in hepatocytes. The spleen in MR ϩ/ϩ mice showed diffuse red pulp GUS activity, whereas staining in MR Ϫ/Ϫ is limited to red pulp perifollicular cells. Discussion MR-null mice have no obvious phenotype other than elevated serum lysosomal enzymes related to slower clearance of serum glycoproteins, including the acid hydrolases (10) . When crossed on an MPS VII background, the MR null allele had no additional effect on the phenotype of the MPS VII mouse. The doubly deficient mouse allowed comparison of the MR-and MPRdependent components of the clearance of infused GUS. At doses of enzyme up to 6.4 mg͞kg, the MR clearance system predominated in MR ϩ/ϩ mice. Even at 6.4 mg͞kg, the MRdependent clearance system was barely saturated. The t 1/2 of clearance of P-GUS was 5 min at 0.2 mg͞kg, 7 min at 3.2 mg͞kg, and 9 min at 6.4 mg͞kg. Eliminating the MR component greatly prolonged clearance of P-GUS and showed that the MPRmediated clearance system saturated at lower doses (t 1/2 of 10 min for MR ϩ/ϩ mice and 42 min for MR Ϫ/Ϫ mice at 6.4 mg͞kg). We had hypothesized that elimination of the MR clearance system would shift a large fraction of enzyme normally targeted to liver to MPR-expressing parenchymal cells in other organs. In fact, ablation of the MR clearance system reduced the amount of enzyme targeted to liver far less than we expected. The fraction of enzyme found in liver 1 h after injection of 1 mg͞kg was 38.6% in the MR Ϫ/Ϫ mouse and 41.8% in the MR ϩ/ϩ mouse. Increasing the enzyme dosage did not alter the relative proportion of enzyme delivered to liver. The ratio of enzyme activity in liver in MR Ϫ/Ϫ mice was 0.82-0.85 that in MR ϩ/ϩ mice 24 h after infusion of up to 6.4 mg͞kg ( Table 2) . What was altered substantially was the distribution of enzyme in liver, which was shifted predominantly to hepatocytes in MR Ϫ/Ϫ mice. These experiments indicate that a large fraction of total MPR available to infused P-GUS resides in liver, which gets nearly the same fraction of enzyme even in the absence of the MR. Kupffer cells in MR Ϫ/Ϫ mice still received some enzyme, because they also express the MPR.
While completely eliminating the MR clearance system (i.e., MR Ϫ/Ϫ vs. MR ϩ/ϩ ) reduced uptake by liver by Ͻ18%, it still enhanced the effectiveness of P-GUS in clearing storage in kidney, bone, and retina at 1 mg͞kg, the dose used in many conventional ERT trials. These observations suggest that one could achieve wider distribution and enhanced clearance of storage by MPR-targeted enzyme if one could block the MR clearance system pharmacologically with an inhibitor. In fact, Ioannou et al. (7) reported wider distribution of infused ␣-galactosidase after preinfusion of yeast mannans, which bind the MR and act as competitive inhibitors (17) . Yeast mannans are too toxic and immunogenic for clinical use as inhibitors. However, most recombinant enzymes produced in CHO cells are themselves competitive ligands for the MR, because they contain oligosaccharides with exposed mannose residues as well as phosphorylated oligosaccharides. Using a high enough dose of recombinant enzyme might be a nontoxic way to saturate the MR clearance system and enhance MPR-mediated enzyme delivery. Favorable effects in overcoming the blood-brain barrier to ERT in certain parts of the CNS with high doses of infused GUS may have been partially attributable to saturation of the MR clearance system (18) (19) (20) (21) .
Another interesting question is the mechanism of eventual clearance of NP-GUS from plasma in the MR Ϫ/Ϫ mouse. Although the clearance of NP-GUS is greatly slowed (t 1/2 of 4 h), Ͼ90% of the enzyme is cleared in 24 h (data not shown). Possibly, this very slow clearance is mediated by nonspecific fluid-phase pinocytosis or by adsorptive endocytosis after binding of the enzyme to cell surface proteoglycans, like heparan sulfate. We previously demonstrated that the chimeric enzyme containing the highly basic peptide, TAT, binds cell surface proteoglycans and is taken up by adsorptive endocytosis (22) . Du et al. (23) recently reported related studies in which they found that lysosomal acid lipase (LAL) prepared in Pichia pastoris, which normally targets the MR in MR ϩ/ϩ mice, is taken up by hepatocytes in the LAL Ϫ/Ϫ ͞MR Ϫ/Ϫ doubly deficient mouse (but not in the LAL Ϫ/Ϫ ͞MR ϩ/ϩ mouse) after i.p. injection. These observations led them (23) to propose an uptake mechanism in hepatocytes, independent of the classical MR and MPR, which remains to be identified. This system was observable only if the rapid clearance by the MR was eliminated.
Another striking and unexpected observation was the staining activity in perifollicular cells in the spleens of P-GUS-treated MR Ϫ/Ϫ mice (Figs. 4 and 5 ). This staining was even more intense after infusion of NP-GUS (data not shown). The greater intensity in MR Ϫ/Ϫ mice could be attributable to the much longer exposure to circulating enzyme (t 1/2 of 4 h). Nonetheless, the preferential localization in these cells indicates a selective uptake system that does not rely on the classical MR or the MPR. The nature of this uptake system remains to be established. These cells could be enriched in cell surface proteoglycans that mediate adsorptive endocytosis of the bound enzyme. Another possible candidate for mediating this uptake would be the recently discovered fourth member of the MR family, Endo180, which is reported to be expressed on fibroblasts, endothelial cells, and macrophages (24) .
Materials and Methods
MPS VII͞E540A Tg mice are deficient in mouse GUS activity but produce a low level of inactive hGUS protein that confers immunologic tolerance to infused hGUS (9) . These mice were bred with an MR-deficient mouse strain (10) to produce the MPS VII͞MR Ϫ/Ϫ mouse that is mouse GUS-deficient, hGUStolerant, and MR-deficient. Mice were screened for all three markers (MPS VII, the human GUS E540A transgene, and MR) by PCR primers by using tail DNA to confirm their genotype before use in the experiments described. PCR primers and conditions were as described (9, 10) .
Recombinant phosphorylated hGUS (P-GUS) was produced in CHO cells, and enzyme secreted into conditioned medium was collected and purified as described (18) . This enzyme contains showed no enzyme activity in kidney. MR Ϫ/Ϫ mice (B) had diffuse enzyme activity in liver, especially in hepatocytes, but MR ϩ/ϩ mice (E) contained enzyme in Kupffer cells and hepatocytes. MR Ϫ/Ϫ mice (C) showed reduced enzyme in spleen overall but intense staining in the perifollicular cells, whereas MR ϩ/ϩ mice (F) showed more GUS activity diffusely distributed in red pulp (also see spleen data in Table 4 ). (Scale bar: 6-bromo-2-hydroxy-␤-glucuronide, 20 M.) the M6P recognition marker and exhibits a K uptake value of 1.5 nM, as measured in human MPS VII fibroblasts. Two nonphosphorylated forms of recombinant hGUS were produced, one (NP-GUS) in a baculovirus͞SF 21 insect cell expression system (6) and the second (AP-GUS) by treatment of P-GUS with recombinant human placental AP (12) . Both NP-and AP-GUS lack the M6P recognition marker and exhibit essentially no uptake by human fibroblasts. Production and characterization of AP-GUS are described in Supporting Text, which is published as supporting information on the PNAS web site.
For plasma clearance experiments, weight-based enzyme doses were determined immediately before each injection. Aliquots of P-or NP-GUS were infused in 125 l of 10 mM Tris, pH 7.5͞150 mM NaCl͞1 mM ␤-glycerophosphate into tail veins of MPS VII͞MR ϩ/ϩ or MPS VII͞MR Ϫ/Ϫ mice. Timed 50-l blood samples obtained by orbital bleed using heparinized hematocrit tubes were centrifuged and plasma assayed for GUS activity on 4-methyl umbelliferyl ␤-D-glucuronide (25) .
Tissue distribution of GUS was determined after enzyme infusion. For tissue distribution at 24 h, mice were infused with 0.4, 1.6, and 6.4 mg͞kg GUS in triplicate. Twenty-four hours after infusion, mice were killed and perfused with 25 ml of cold 10 mM Tris, pH 7.2͞140 mM NaCl. Tissues were then harvested and frozen in liquid nitrogen. Tissues were thawed and homogenized by Polytron and sonication in 10-30 volumes of cold 10 mM Tris, pH 7.2͞140 mM NaCl͞1 mM PMSF. Aliquots of total homogenate were assayed for GUS as described above and for protein (26) . Tissues were also obtained for histochemical analysis.
To determine the fraction of infused enzyme delivered to liver, MR ϩ/ϩ (n ϭ 3) and MR Ϫ/Ϫ (n ϭ 2) mice received 1 mg͞kg i.v. P-GUS. Plasma was collected 1 h later, and mice were killed after perfusion, as above. The livers were homogenized, and the fraction of infused GUS in liver was calculated.
To determine tissue GUS levels and the effectiveness of the clearance of MPS storage after multiple infusions, three mice each of both MR ϩ/ϩ and MR Ϫ/Ϫ strains were infused with 1 mg͞kg GUS 1ϫ weekly for 3 wk. Seven days after the last infusion, mice were killed, tissues for GUS assay were frozen in liquid nitrogen, and the samples were processed for histochemical analysis for GUS activity and histological analysis of lysosomal storage (6, 18) .
